Abstract-The Joint Tactical Information Distribution System (JTIDS) is a hybrid frequency-hoped, direct sequence spread spectrum system that utilizes a (31, 15) Reed-Solomon (RS) code and cyclical code-shift keying (CCSK) modulation for the data packets, where each encoded symbol consists of five bits. In this paper, an alternative waveform compatible with the existing JTIDS direct sequence spread spectrum channel waveform is analyzed. The system considered uses the same (31, 15) RS encoding as the original JTIDS but uses 32-ary orthogonal signaling with 32 chip baseband waveforms such as Walsh functions instead of CCSK. Currently, the JTIDS waveform is received noncoherently at the chip level, but in this paper the performance of the alternative, JTIDS-compatible waveform is evaluated for coherent as well as for noncoherent demodulation in order to ascertain the performance possible if coherent demodulation were practical. For coherent demodulation, each pair of five-bit symbols at the output of the RS encoder is assumed to undergo serial-to-parallel conversion to two five-bit symbols, which are then independently transmitted on the in-phase and quadrature component of the carrier, with the result that the data rate for coherent demodulation is twice that for noncoherent demodulation. The performance of the alternative waveform for the relatively benign case where additive white Gaussian noise is the only noise present as well as when pulse-noise interference is present is investigated for both coherent and noncoherent demodulation.
I. INTRODUCTION
Tactical data links have played a vital role in modern military strategy and attracted much attention since they form the basis of the technology that supports Network Centric Warfare. In order to provide a real-time exchange of tactical data to all participants, tactical data links must be able to manage all battle information in today's modern warfare battlefield.
The Link-16/Joint Tactical Information Distribution System (JTIDS) operates in the L-band and is a good example of a waveform designed to resist interference. Link-16/JTIDS uses a combination of time-division multiple access, frequencyhopping, direct sequence spread spectrum, Reed Solomon (RS) encoding and cyclical code-shift keying (CCSK) modulation. Link-16/JTIDS produces a 32-chip sequence with CCSK modulation to represent each 5-bit symbol, and the individual chips are transmitted using minimum-shift keying (MSK) modulation.
A primary drawback to JTIDS is the limited data throughput which makes it ill suited for the transmission of large blocks of data. This constrains its usage to situational awareness functions, command and control, and derivative functions such as weapons guidance [1] . Some enhancements to JTIDS have been introduced to alleviate the throughput problem. One enhancement is Link-16 Enhanced Throughput (LET), which leads to increased throughput. For LET, the spread spectrum and RS encoding of the original JTIDS waveform are replaced with a combined RS and convolutional coding scheme which can adapt to required link capability much in the manner of the variable throughput design of the IEEE 802.11a and g waveforms. LET provides 3.33, 5.08, 7.75, 9.0, or 10.25 times more throughput than the basic JTIDS modulation but does so at the expense of link robustness and transmission range. The highest data rate LET mode is insufficiently robust for most combat environments [1] .
In [2] the performance of a CCSK waveform is compared with an orthogonal waveform. In [3] an analysis of different forward error correction (FEC) techniques for high-rate direct sequence spread spectrum is examined. In [4] , an analytical approximation for the probability of symbol error of CCSK with RS coding is derived, but the performance obtained is optimistic by about 2 dB [5] . In this paper, an alternative waveform consisting of (31, 15) RS encoding and 32-ary orthogonal signaling with 32 chip baseband waveforms is analyzed. The alternative waveform is compatible with the existing JTIDS channel waveform. The effects of both additive white Gaussian noise (AWGN) and pulse-noise interference (PNI) are investigated. Currently, the JTIDS waveform is received noncoherently at the chip level, but in this paper the performance of the alternative, JTIDS-compatible waveform is evaluated for coherent as well as for noncoherent demodulation in order to ascertain the performance possible if coherent demodulation were practical. For coherent demodulation, each pair of five-bit symbols at the output of the RS encoder are assumed to undergo serial-to-parallel conversion to two five-bit symbols, which are then independently transmitted on the inphase (I) and quadrature (Q) component of the carrier, with the result that the data rate for coherent demodulation is twice that for noncoherent demodulation. To the best of the author's knowledge, the effect of PNI on the alternative waveform has not been previously investigated. 
II. BACKGROUND

A. M-ary orthogonal signals
when the signal corresponding to symbol m is transmitted and ... The signal is the same for noncoherent detection of M-ary orthogonal signals when AWGN is present, but the phase is not recovered by the receiver. A block diagram of a noncoherent M-ary orthogonal baseband waveform demodulator is shown in Fig. 2 .
When AWGN is present, the conditional probability density functions for the random variables , 1, 2,...,
represent the output of the th m branch when the signal corresponding to symbol m is transmitted is given by the non-central chi-squared probability density function with two degrees of freedom. Hence,
where ( ) 0 I • is the modified Bessel function of the first kind and order zero, and 
B. Performance of M-ary orthogonal signaling in AWGN
When AWGN is present with power spectral density 0 / 2 N , the probability of channel symbol error for coherent M-ary orthogonal signaling in AWGN is [6] ( )
and for noncoherent M-ary orthogonal signaling in AWGN is [6] ( ) ( ) ( ) A is the average received signal power, s T is the symbol duration, and ( ) Q • is the Q-function.
C. Performance in AWGN with PNI
When a channel is affected by AWGN, the noise signal that arrives at the receiver is assumed to be uniformly spread across the spectrum and time-independent, but those assumptions may not be valid if PNI is present. In this paper, the AWGN and PNI are assumed to be statistically independent, and the PNI is modeled as Gaussian noise. When AWGN and PNI are both present the total noise power at the receiver integrator outputs is given by N T σ = ρ , and ρ is a fraction of time that an interferer is on. When ρ = 1, the interferer is continuously on and is referred to as barrage noise interference.
When PNI is present, the probability of symbol error can be expressed as 
D. Forward error correction coding
For JTIDS/Link-16, the FEC used is (31, 15) RS coding, a linear, non-binary code. In order to maintain compatibility with the JTIDS/Link-16 waveform, the alternative JTIDS/Link-16 waveform employs (31, 15) RS coding for error detection and correction. For non-binary codes, code symbols are generated instead of bits where each symbol represents m bits and the number of different symbols required are 2 m M = . An (n, k) RS encoder, takes k information symbols (mk information bits) and generates n coded symbols (mn coded bits). The probability of decoder, or block, error for a t-symbol error correcting, nonbinary block code with maximum likelihood decoding is upper bounded by [7] ( )
where the inequality holds for either a perfect code or a bounded distance decoder, and s p is the probability of coded, or channel, symbol error. For RS codes and M-ary orthogonal modulation with 2 m M = and hard decision decoding, the probability of information bit error is [7] ( )
III. PERFORMANCE OF THE ALTERNATIVE WAVEFORM IN AWGN
A. Coherent demodulation
For the alternative JTIDS waveform with 32-ary orthogonal modulation, the probability of channel symbol error is upper bounded by [6] ( )
where r = k/n is the code rate and m is the number of bits per symbol. In this paper, we only consider 32 M = and 5 m = , so (14) reduces to
Substituting (15) into (13), we get the results are shown in Fig. 3 for 32-ary orthogonal signaling with (31, 15) RS encoding in AWGN for coherent demodulation. As can be seen, in order to achieve 
B. Noncoherent demodulation
The probability of channel symbol error for 32-ary orthogonal signaling with noncoherent demodulation is upper bounded by [6] (17) As for coherent demodulation, the probability of bit error is obtained by substituting (17) into (13). The results are shown in Fig. 3 for 32-ary orthogonal signaling with (31, 15) RS encoding. As can be seen, in order to achieve Comparison of the performance of coherent and noncoherent demodulation for the alternative waveform in AWGN.
IV. PERFORMANCE OF THE ALTERNATIVE WAVEFORM IN AWGN AND PNI
A. Coherent demodulation
For the alternative JTIDS waveform, the probability of channel symbol error for the coherent demodulation when PNI is also present is obtained by combining (7), (9) and (11) to get ( ) ( ) ( ) 
where the exact expression for s p must be used since the union bound given by (15) is very loose when PNI is present. 
The probability of bit error is obtained by substituting (19) into (13). The performance of the alternative waveform for different values of ρ in both AWGN and PNI for coherent demodulation is shown in Fig. 4 where 0 10 b E N = dB, and we see that PNI significantly degrades the performance of the system relative to barrage-noise interference (BNI). 
B. Noncoherent demodulation
When AWGN and PNI are both present, the probability of channel symbol error for 32-ary orthogonal signaling with noncoherent demodulation is obtained by combining (8), (9) and (11) E N must increase 5.2 dB for both coherent and noncoherent detection. Table 1 . Comparison of the performance of the alternative waveform with both AWGN and BNI for coherent and noncoherent demodulation when 
V. CONCLUSION
This paper presented an alternative JTIDS/Link-16 waveform, 32-ary orthogonal signaling with (31, 15) RS coding, to the JTIDS/Link-16 waveform. Both coherent and noncoherent demodulation of the proposed waveform were analyzed. Currently, the JTIDS waveform is received noncoherently at the chip level, but in this paper the performance of the alternative, JTIDS-compatible waveform was evaluated for coherent as well as for noncoherent demodulation in order to ascertain the performance possible if coherent demodulation were practical. For coherent demodulation, each pair of five-bit symbols at the output of the RS encoder are assumed to undergo serial-toparallel conversion to two five-bit symbols, which are then independently transmitted on the in-phase (I) and quadrature (Q) component of the carrier, with the result that the data rate for coherent demodulation is twice that for noncoherent demodulation.
When only AWGN is present, the alternative waveform outperforms the JTIDS/Link-16 waveform by 1.7 dB and 1.4 dB for coherent and noncoherent detection, respectively, when E N = 30 dB, the maximum degradation of the alternative waveform when PNI is present is 1.0 dB and 1.2 dB for coherent and noncoherent detection, respectively. This level of degradation due to PNI is much less than that obtained when E N is much worse.
